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Abstract lations that we have performed to date. We show that the
rT%(_achnique enables simulations important to several aifeas o

It can be computationally advantageous to perform co . . .
. mpu y 9 P .accelerator physics that are otherwise problematic. For th
puter simulations in a Lorentz boosted frame for a certalp : X . ) . !
irst time, it allows for direct self-consistent simulataf

class of systems. However, even if the computer model re- )
. ystem . . P . ? er wakefield accelerator stages at 10 GeV and beyond
lies on a covariant set of equations, it has been pointed ou

that algorithmic difficulties related to discretizationamns ;Z'nqg gzlgjlr;ics)ﬁg?r:i?}rgﬁaﬁsgt:; &:‘r;er:/]\,e r\;\?ouurlsd, t\gl?éleggfs
may have to be overcome in order to take full advantage . o yre . y
. . - sing similar resources and are thus impractical. It also al
of the potential speedup. We summarize the findings, tqgws simulations of electron cloud effects in high ener
difficulties and their solutions, and show that the techaiqu 9 gy

. . . Physics accelerators (modeled so far with codes based on
enables simulations important to several areas of aceelefa

tor physics that are otherwise problematic, including-selfquaSIStatIC approximations) using more standard Paticle

consistent modeling in three-dimensions of laser Wakeﬁel?c_(gz”simzt?gg%vi;—:rlsrarr?ngi:‘seg;gt?r? tig?;’ 32;?;;2202'3_
accelerator stages at energies of 10 GeV and above. 9 9 P '

leviates the added complication due to pipelining when par-
allelizing a quasistatic code, and removes the approxima-
INTRODUCTION tions of the quasistatic method which may not be applicable

In [1], we have shown that the ratio of longest to shorteéﬂ some situations. F.or_ _free electron .Iasers, the new tech-
space and time scales of a system of two or more compBlaue offers the possibility of calculating self-consrtg
nents crossing at relativistic velocities is not invarigng ~ configurations that are not accessible with standard FEL

der a Lorentz transformation. This implies the existence0des due to the limitations of the approximations that they
of an “optimum” frame of reference minimizing a measuré'® based on. Finally, the method may offer a unique way
of the ratio of space and time scales. Since the numb@f calculating self-consistently, and in three-dimension
of computer operations (e.g., time steps), for simulation_%Oherem sy_nchrotron radiation effects which are of great
based on formulations from first principles, is proportionaMmportance in several current and future accelerators.
to the ratio of the longest to shortest time scale of interest
it follows that such simulations will eventually have diffe DIFFICULTIES
ent computer runtimes, yet equivalent accuracy, depending ) ) )
solely upon the choice of frame of reference. The scaling EVen if the fundamental electrodynamics and particles
of theoretical speedup was derived for a generic case of tf&luations are written in a covariant form, the numerical al-
crossing identical rigid particle beams, and for threeipartdorithms that are derived from them may not retain this
cle acceleration related problems: particle beams intera®roPerty and special techniques have been developed to
ing with electron clouds [2], free electron lasers (FEL) [3]&/low simulations in boosted frames. As an example, we
and laser-plasma accelerators (LWFA) [4]. For all the cas&®nsidered in [5] an isolated beam propagating in the lab-
considered, it was found that the ratio of space and tinfd@tory frame at relativistic velocity. When applying the
scales varied as? for a range ofy, the relativistic factor effectlof the bea_m field on |tse_lf using the Newton-Lorentz
of the frame of reference relative to the optimum frame€guation of motion, the contribution from the radial elec-
For systems involving phenomena (e.g., particle beam$/C field is Iargely_ cqnceled by the contribution from the
plasma waves, laser light in plasmas) propagating at |ar§g|muthal magnetic field. However, we s_hOV\_/ed that the_so-
~, demonstrated speedup of simulations being performéglled ‘Boris particle pusher’ [6] (which is widely used in
in an optimum boosted frame can reach several orders BfC codes), does make an approximation in the calculation
magnitude, as compared to the same simulation being pg,f_the Loreqtz force which leads to an inexact cancellation
formed in the laboratory frame. of the electric component by the magnetic component. The
We summarize the difficulties and limitations of theMagnitude of the error grows with the beam relativistic fac-

method, the solutions that were developed, and the sim{f2" @nd in practice, it is unacceptably large for simulasion
of ultra-relativistic charged beams, where the canceiati
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An additional practical complication of numerical sim- EXAMPLES OF APPLICATION
ulation in a boosted frame is that inputs and outputs are . .
often specified (or desired) in the laboratory frame. For ex-aser wakefield acceleration

ample, in LWFA simulations, laser and plasma parameters | jcar driven plasma waves offer orders of magnitude

have to be transformed from the laboratory to the new refcreases in accelerating gradient over standard actelera
ativistic boosted frame, so that the electromagnetic waves, sy ctures (which are limited by electrical breakdown)

will be Doppler-shifted, and the background plasma, withy, ;s holding the promise of much shorter particle acceler-
higher density, is now drifting. In the PIC code Warp [],a¢0rs. Yet, computer modeling of the wake formation and

the laser is injected at a plane that is fixed in the laboratogye ) acceleration requires fully kinetic methods and large
frame and drifting in the boosted frame. Likewise, the ini-

. L . X computational resources due to the wide range of space
tial phase-space distribution of a particle beam is gelyeral, 4 time scales involved [13]. For example, modeling 10

known in the laboratory. For calculations in boosted frameg .\, stages for the LOASIS (LBNL) BELLA proposal [14]

of large, deriving the initial beam conditions at a given;, qne_dimension demanded as many as 5,000 processor
Flm_e can be casy i th? initial conditions are_s!mple (B-9hours on a NERSC supercomputer [15]. As discussed in

initial Gaussian beam in vacuum), or more difficult and/of1; the range of scales can be greatly reduced if one adopts
computationally costly if injecting the beam in a particley,g common assumption that the backward-emitted radia-
accelerator for example, where its longitudinal extenb& t 50 can be neglected, enabling, for the first time, the full-

boosted frame can cover several lattice periods. In order §¢ simulation of the next generation of laser systems.
circumvent this difficulty, a procedure was implemented in Warp simulations at plasma density = 10'° cm—3

Warp which injects the beam through a transverse plan ere performed in 2-1/2D and 3D using reference frames
that is fixed in the laboratory, but drifting in the booste

o AT oving anywhere betweeyy = 1 (laboratory frame) and
frame, similarly to the laser injection method. Due to Ionglo_ These simulations are scaled replicas®@GeV stages

range space charge forces, it is still necessary to proviﬂ;?at would operate at actual densitied 6f7 cm-3 [16, 17]

a rgasonable estimate of the Peam distribution ne:’;\r the 'ﬁﬁd allow short run times to permit effective benchmarking
jection plane; this is accomplished by the use of “frozen

drifti icl between the algorithms. Agreement within a few percent
rifting macroparticles. was observed on the beam peak energy and average en-
ergy between calculations in all frames, showing that the

After the relativistic PIC algorithm evolves the system inboosted frame sim dU|at'°PS ggm speed wnhc:jutbsacnflcmﬁ
the boosted frame, the results must be transformed backqg;:urlac_y. A Sﬁei up o 17 was ?egsurel Iet_wegn the
the laboratory frame. We have found it convenient in War alculation In the frame af = 10 and the calculation in

to record quantities at a number of regularly spaced “st he laboratory frame.
» immobile in the laboratory frame, at a succession of The boosted frame model was then used to conduct full

tions”, ) . -
discrete times, for both detailed time histories and labor£C@l€ Simulations of 10 GeV stages at plasma densities of
17 ¢m=3 in 2-1/2D and 3D simulations. Simulations at

tory time-averages. Since the space-time locations of t s : X
diagnostic grids in the laboratory frame generally do not’.  cM * were also conducted to establish scaling. Rela-

coincide with the space-time positions of the macropartflVistic factors of the boosted frame were 130 and 40 re-

cles and grid nodes used for the calculation in a boostesdi)ectively, i.e. clo_se _to the relativistic factor assaamiat
frame, some interpolation is performed during the dat ith the wake velocity in the laboratory frame. The 3D run
gathering process. at full scale took almost 4 hours withy = 130 using 512

cores on the cluster Lawrencium at LBNL. This provided
direct simulation of next generation experiments and possi
Finally, in simulations of laser-plasma acceleratiorble laser-plasma collider stages. Good agreement with the
stages (see below), we observed a short wavelength inssgaled energy gain was obtained. Such simulations are im-
bility with a growth rate that rises with the velocity of the practical in the laboratory frame, with projected time of 15
boosted frame and the inverse of the grid resolution, whicyars on the same resources using2fig formula for the
we have controlled through the use of low dispersion ele@stimated speedup, and scaling from standard PIC runs.
tromagnetic solvers [7] and low-pass digital filtering. The
details of the instability and its cures will be detailed in g€|ectron cloud driven instabilities
future paper [8].
Several existing and planned future particle accelerators
have limitations due to the electron cloud instability that
Together with mitigation of numerical artifacts asmay negatively impact the beam quality and in some cases
just described, these techniques allow simulations usireyen lead to severe beam loss. A calculation of electron
boosted frames, with orders of magnitude speedup over thlwud driven instability [2] for an ultra-relativistic bea
same simulations performed using a laboratory frame, agas performed with the Warp code framework in (a) stan-
shown below. Additional details of the input and outputlard PIC mode using the new particle pusher in a Lorentz
procedures can be found in [10]. boosted frame; (b) in quasistatic mode [11] using linear



maps to push beam particles into the accelerator lattice. CONCLUSION
The two runs were in good agreement and completed us-
ing similar computer resources and runtimes. The speedu
factor of the PIC boosted frame calculation compared t
a PIC calculation in the laboratory frame was estimate
at 500. For many calculations of electron cloud instabil
ity, the boosted frame approach may not resolve any ad
tional physics not included in the quasistatic approach.

note, however, that the quasistatic method requires sign
icant special coding to take into account eventual longit

The non-invariance of the range of scales of a physical
stem implies that the computational cost of a certairsclas
f computer simulations depends strongly on the choice of
the simulation frame of reference. Algorithmic difficultie
rise due to the loss of covariance upon discretization of
e Maxwell-Vlasov system of equations, and the need to
Hansform input/output data between the laboratory frame
and the Lorentz boosted frame. So far, the difficulties that
dinal motion of electrons [11], as well as a special para—ave arisen have been overcome and no "show-stopper” has

lelization scheme [12] for parallelization along the axis o een identified at this time. First principles simulations i

beam propagation, which are not standard to PIC codes. Q ((j)st?/:/j frames hal\_/e t)_eent pTrformedkSL:c_Cﬁgssfull)l/ Wltth the
contrast, the boosted frame method includes naturally gggde Yvarp in application to laser waketield acceleration,

longitudinal dynamics and requires more modest modifics! ectron cloud driven instabilities and free electron tase

tions to an existing standard PIC code or framework (non‘gIth sgegdurg ranglngtbetween a fﬁw art1r<]j st(a]cye:al qrdgrls of
for parallelization, if the PIC code is already parallel). magnitude. Lur recent progress show that first principles
modeling in a Lorentz boosted frame is a viable alternative

or complement to using reduced descriptions like the qua-
Free electron lasers sistatic [11] or eikonal [19] approximations, or performin

In a short wavelength free-electron laser, a high energyymulations with scaled parameters [17], and in many cases
electron beam interacts with a static magnetic undulator. includes physics that is not accessible to the other descrip
the optimal boost frame with Lorentz facter the down- tions. This includes direct three-dimensional simuladion
shifted FEL radiation and up-shifted undulator have ideref laser wakefield accelerator stages at 10 GeV and beyond,
tical wavelengths and the number of required time-stepectron cloud effects in high energy physics accelerators
(presuming the Courant condition applies) decreases bypaysics that is inaccessible to standard free electromdase
factor of 242 for fully electromagnetic simulations. Ex- codes, and coherent synchrotron radiation.
amples of boosted-frame simulations have been compared
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